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1. BACKGROUND 
Introduction 
The development of modern dental implant therapy can be classified into two 
phases. The initial phase, initiated by Prof. Branemark, focused on the biocompatibility 
of a titanium foreign body with bone. Research revolved around creating the optimal 
conditions for osseointegration and the predictability of this phenomenon. Implant 
placement was surgically driven with the pnmary emphasis of achieving 
osseo integration. Over the years studies have shown high success rates independent of 
the implant system or surface characteristic. I. 2. 3 Biological failure rates of 1-5% in the 
mandible and 10-20% for the maxilla are not uncommon.4 As dental implant therapy 
evolved, the mentality changed from a surgically driven approach to a prosthetically 
driven approach. Osseointegration was no longer a primary concern and the new 
challenge was obtaining an esthetic restoration and managing the mechanical 
complications. 
The original Branemark implant fixture had an external hexagon with a shoulder 
joint. This connection was chosen to allow for the ease of screwing the implant into the 
bone with a carrier. A separate abutment screw was used to secure the abutment to the 
implant and an additional screw was used to bind the prosthesis to the abutment. This 
design with stacked components created mechanical complications. A meta-analysis by 
Goodacre et al. found that mechanical complications included abutment and prosthesis 
screw loosening, abutment and prosthesis screw fractures and implant fractures. 5 The 
incidence of abutment screw loosening was reported to be between 2%-45% depending 
on the type of prosthesis and the abutment screw fracture occurs less frequently with an 
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incidence of 0.5%-8%. Prosthesis screw loosening ranged from 1%-38% and their 
fracture rate ranged from 1-19%. Fortunately the incidence of implant fracture is far less; 
reported to be 0.2-3.5%. 
Frequent screw loosening would be frustrating to both the patient and dentist but 
they could be easily tightened. On the other hand, screw fracture, could be more 
problematic. If the broken screw could be retrieved without complication, a new screw 
could potentially be used. However, if the implant was damaged during removal of the 
screw, the implant would be rendered useless. Although dental implant fractures seem to 
be a rare phenomenon, the consequences could be debilitating for the patient. Retrieval 
of the fractured implant would involve the use of a trephine and as part of the process 
bone adjacent to the implant would be removed as well. The resultant bony defect could 
complicate the placement of subsequent implants and extend treatment time. 
It has been reported that the majority of implant body fractures was preceded by 
occlusal or abutment screw 100sening.6, 7 Radiographically, there is a cupping of bone 
with marginal bone loss extending apical to the point of implant fracture. For Branemark 
implants this fracture is located at the third and fourth implant thread which corresponds 
to the tip of the abutment screw.4 An understanding of the mechanisms of complications 
and failures would assist in predicting and preventing future catastrophic incidences (Fig. 
1 ). 
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Figure la. Implant restoration at initial presentation (Courtesy of 
Dr. T. Taylor). 
Figure l b. Progression of marginal bone loss down to the fourth 
thread of the implant (Courtesy of Dr. T. Taylor). 
3 
Figure Ie. Ultimate implant fracture (Courtesy of Dr. T. Taylor). 
4 
Titanium and its alloys 8 
Titanium is the ninth most abundant element on earth and the fourth most 
abundant element used in structural metals. It was first discovered in 1790, but not 
purified until the early 1900s. However, its widespread use has only been in the past 50 
years. Originally titanium was used in the military and aircraft industry and more 
recently applied to golf clubs, bicycles and other industries. Titanium is especially 
attractive to dentistry because of its exceptional corrosion resistance and strength. 
Titanium parts may be forged, wrought or cast, but for dental implants, titanium is 
machined. 
Titanium has two basic crystal structures: alpha, a close-packed hexagonal 
arrangement and beta, a body-centered arrangement. A combination of these structures 
forms the four classes of titanium alloys: alpha, near-alpha, alpha-beta and beta. 
Commercially pure titanium is alpha in structure which exhibits the best corrosion-
resistance properties but is the weakest. Unalloyed titanium is very resistant to many 
natural environments including body fluids. Excellent corrosion resistance results from 
the formation of a protective oxide layer. The barrier is highly stable and due to its high 
affinity to oxygen, freshly exposed titanium instantly reacts to form this protective layer. 
Dental implants and their corresponding components are predominantly made of 
unalloyed pure titanium. Medical grade titanium is available in four commercially pure 
(CP) forms. The primary difference between the grades of CP titanium is oxygen and 
iron content. Oxygen content affects the tensile properties or strength of titanium and 
iron affects the corrosion behavior. Among the four grades, Grade 1 has the highest 
purity, lowest strength and highest room temperature ductility and formability. Grade 2 
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titanium is mainly used in industrial applications and grade 3 titanium has the same 
applications as Grade 2 except it has higher strength. Of the four unalloyed grades, 
Grade 4 is the highest in oxygen and iron content. Consequently it has the highest 
strength of the four grades and still maintains outstanding corrosion resistance in salt 
water. 
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Metal Fatigue 
While the reported incidence of implant fractures may be relatively infrequent, the 
literature may be underestimating its prevalence. Additionally, with implants expected to 
serve for decades, fatigue failure is likely to emerge as an issue. Despite the existence of 
numerous implant systems, very few are dealt with in published literature. The studies 
that are available are mostly limited to 5-7 years of follow_up9-17 with only a few that 
have a maximum follow-up beyond 9 years. In a IS-year study, Adell et al. found an 
implant fracture incidence of 3.5% with most of the fractures occurring after five years of 
clinical function l8 . This may indicate that a five year follow-up is inadequate in studying 
the process of implant fractures. Furthermore, the implants included in these studies 
mainly involved either fixed complete or fixed partial dentures. It has been reported that 
mechanical complications occur more frequently in single tooth restorations and moreso 
in the posterior region than the anterior region. 5,6 
There are essentially four mechanisms of fracture in metal alloys: dimple rupture, 
cleavage, fatigue and de cohesive rupture. A limited number of case reports described in 
the dental literature have suggested that the failure mechanism of fractured screws and 
implants is through metal fatigue. Morgan et al. reported on five Branemark fixtures 
which fractured clinically.19 The retrieved specimens were examined using a scanning 
electron microscope and it was maintained that fatigue striations from cyclic loading 
were found. Piattelli et al. described four clinically fractured Astra Tech implants in two 
different patients.2o Under SEM, no porosities or defects were found in the titanium, but 
fatigue striations were found. Lastly, Velasquez-Plata et al. reported fracture of an 
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external hex implant 11 years after it was placed.7 According to them, SEM 
demonstrated striations on the fracture surface consistent with fatigue failure. 
Fatigue failure occurs when metal is subjected to repetitive or fluctuating stress. 
Under these conditions of dynamic loading, the metal can fail at a load much lower than 
that required to cause fracture on a single application of load. The fatigue process is 
characterized by three phases: 1) crack initiation, 2) crack propagation and 3) 
catastrophic failure. Crack initiation can be derived from areas of stress concentration 
such as a change in cross section, an internal crack, or an irregularity caused by 
machining. The first phase of fatigue failure can account for as much as 90% of the 
fatigue life.21 The fatigue crack tends to propagate transgranularly along atomic planes 
but once the crack reaches discontinuities such..as grain boundaries, it can change 
directions. When the crack reaches sufficient length, and the remaining cross section is 
unable to support the applied load, a ductile mechanism predominates involving 
processes such as dimple rupture or cleavage. 
A fracture surface provides details about the failure history of the part. It can 
contain evidence about failure origin, loading history, environmental effects and material 
quality. The technique used to analyze this record is known as fractography and is 
performed using both a light and scanning electron microscope (SEM). There are surface 
characteristics specific to metal fatigue that differentiates it from other mechanisms of 
failure. Specifically, during stage II of the crack propagation phase, crack-arrest marks 
that appear as a pattern of ripples or fatigue striations are usually observed. Under 
normal conditions each striation represents one load cycle and indicates the position of 
the crack front at the time the striation was formed. Fatigue crack growth rates are 
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typically on the order of micrometers per cycle. In companson, the rate of crack 
propagation during stage I crack growth is on the order of millimetres per cycle and the 
fracture surface of this stage is comparatively smooth. Since fracture surface features are 
expected to be identifiable, they should provide information about fracture origins, 
fatigue crack growth rates and direction, brittle and ductile failure and torque versus 
tensile loading; information useful in distinguishing implant failure mechanisms as a 
function of testing variables. 
The rate of crack propagation, and hence the spacing between striations, can be 
affected by multiple variables such as loading conditions, strength of the material. 
microstructure and the environment.22 Influential environmental conditions for titanium 
include temperature and presence of corrosive or embrittling gases and fluids. Corrosive 
liquid environments such as water, brines, organic fluids, basic and acid media and 
molten salts can affect the rate of fatigue crack propagation and the fracture appearance. 
The minimal temperature range intraorally is insignificant in affecting the fatigue of 
dental implants, but the chemical environment may have an affect. For example, 
hydrogen content as low as 30-40ppm can induce hydrogen embrittlement of titanium as 
can low concentrations of methanol. 
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Accelerated Testing 
A single molar is more severely challenged than are most other teeth under 
occlusal and masticatory forces. In part, this is due to the fact that the greatest magnitude 
of force irrespective of loading direction is generated in the posterior region of the mouth. 
Consequently, it is not surprising that the greatest number of implant prosthesis failures 
occur with the single molar restoration. 5 Experimental testing simulating these conditions 
would be most beneficial in determining the durability of the dental implant and its 
components. 
The frequency and types of mechanical complications are expected to be different 
for each implant system. This is due to different manufacturing processes, structural 
designs and materials selection. Traditionally in mechanical engineering, components are 
tested under normal conditions in order to analyze lifetime characteristics. However, due 
to the long lifetimes of the products, short time period between design and release, as 
well as other impracticalities, it was very difficult to obtain this life data. Researchers 
began devising techniques to force components to fail more rapidly as an understanding 
of the characteristics of the components is valuable in learning about the failure modes. 
This method of evaluation is referred to as "accelerated life testing". Such testing is 
beneficial in new product development and in developing test materials that replicate 
actual product failure in service. 
There are two areas of accelerated testing: quantitative and qualitative. In 
quantitative testing, there is an interest in predicting lifetime or essentially developing 
reliability information. Qualitative accelerated testing attempts to identify failure 
mechanisms without trying to predict the life of the product under normal conditions. 
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Validated experimental designs for qualitative testing are critical. as the failure mode of 
the product under testing should be what is encountered under service conditions. 
For dental implant fatigue testing, replicating clinical conditions in laboratory 
testing is difficult. Ideally, every potential variable that could influence implant failure 
should be accounted for. These variables must include magnitude and direction of load, 
frequency and wave form, properties of the bone analog, implant orientation, and 
chemical composition of the testing environment. Certainly there are other influential 
variables that may be unknown. Laboratory protocol design should ideally involve 
clinical validation. One method would be to compare fractured implant surfaces obtained 
from experimental testing and clinical failures. If implants from both testing conditions 
have the same surface characteristics, then it is possible that clinical conditions are 
simulated. However, it has been shown that for clinically fractured implants, the abutting 
surfaces can wear against each other if they remain attached. Such wear can obliterate 
crucial surface features on the failed implants.7. 19 
Implant testing protocols in the literature vary among studies, making it difficult 
to compare results. Some studies have tested dental implants using static loading while 
others have used cyclic loading. An experimental study by Norton compared the strength 
of an internal conical connection to a butt joint connection using a three-point bending 
test.23 Similarly, M6llersten et al. compared the strength and failure mode of seven 
different implant designs by applying a single load perpendicular to the long axis until 
they failed. 24 Unfortunately, static loading may have very little clinical relevance as 
mechanical failures in dentistry are more likely related to a long term process with 
repeated low loads rather than an acute overload?5 
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Published cyclic testing protocols have utilized various implant loading angles, 
frequency of load, application load levels and length of lever arm on the implant. In an 
experiment by Khraisat et a1. 26, Branemark and Straumann implants were embedded 
simulating 3 mm of bone loss and a crown height of 5.8 mm. Implants were cyclically 
loaded to 100 N, 90° to the long axis of the implant for 1,800,000 cycles at 1.25 Hz. 
When Perriard et al. tested the fatigue resistance of Straumann implants, they did not 
simulate any bone loss and a crown height of 9 mm was used.27 These implants were 
loaded at 15° to the long axis of the implant at 2.05 Hz. In another study, Cehreli et a1. 
tested the dynamic fatigue resistance of Straumann implants using peak sinusoidal loads 
of 75 N at a rate of 0.5 Hz for 500,000 cycles.28 There was no simulated bone loss and 
the implants were loaded 20° off-axis. In all these studies, testing was done in dry 
conditions and there was little or no documentation of the failure modes. 
Only one study has attempted to compare clinically fractured implants to 
fractured laboratory specimens. As mentioned previously, Morgan et a1. viewed five 
retrieved specimens under SEM.J9 They were able to identify stage 2 crack growth with 
fatigue striations measuring 0.1 to 1.0 )..tm apart. They were also able to identify an area 
of stage 3 crack growth with cleavage fracture, indicative of catastrophic failure. In the 
laboratory, they tested 10 mm Branemark fixtures with 5.5 mm abutments under 
monotonic (overload) and cyclic loading (fatigue) conditions, using sample sizes of three 
and four specimens respectively. For the monotonic conditions, a load of up to 1,860 N 
was used while a maximum force of 1,100 N at 13-15 Hz was used for cyclic loading. 
The implants were mounted in a high-strength steel specimen holder with two halves. 
One member clamped the collar and the first two threads of the fixture and the other 
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member held the lower eight threads. The specimens were loaded perpendicularly at the 
junction between the two halves of the holder. Micrographs of the overloaded specimens 
showed a dimpled surface characteristic of ductile failure. SEM analysis of the 
specimens failed in fatigue showed fractured surfaces similar to the appearance of the 
clinical specimens. 
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ISO 14801 protocol 
Cyclic fatigue testing of dental implants is now required in certain countries prior 
to regulatory approval. A standardized implant fatigue testing protocol was developed in 
2003 by a panel of industry and academic experts for the Organization for International 
Standardization (ISO 14801). The ISO recommendations were designed for single, 
endosteal, transmucosal dental implants tested under "worst case" applications. 
The specifications require that the dental implant be surrounded in a bone analog, 
either fixed by a rigid clamping device or embedded in a material. If embedment is 
selected, the material must have a modulus of elasticity greater than 3 GPa. The implant 
must be mounted with a simulated 3 mm of bone loss and loaded at a 30° angle in relation 
to the long axis. The manufacturer's recommendation is used as a reference for the 
nominal bone level. A hemispherical crown is specified with the crown-implant having a 
lever arm of 11 mm. This distance is measured from the centre of the hemisphere to the 
artificial bone level. Lateral loading of the implant should be minimized. 
Fatigue testing must be performed with a sinusoidal and unidirectional load. The 
testing environment can be in wet or dry conditions. For wet conditions, the testing must 
be performed at 37±2 °c in normal saline or in a physiologic medium. Testing in liquid 
media should be conducted at ~2 Hz and carried out until failure or two million cycles. 
Testing in air must occur at 20±5 °c. It may be performed at frequencies up to 15 Hz 
until failure or five million cycles. 
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Statistics 
Engineering fatigue data is most commonly presented in the form of an S-N curve 
where stress (S) is plotted against the number of cycles to failure (N). This data is useful 
for lifetime prediction analysis. In general, as the stress decreases, the metal endures a 
greater number of cycles; below a certain stress, the S-N curve levels off and becomes 
horizontal at a particular stress level. This stress level is known as the fatigue limit. 
Below this limit, the metals can theoretically endure an infinite number of cycles without 
failure (Fig. 2). 
"0 
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....J 
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LF - Fatigue limit 
LF .............. ................. ..... ... = .. ~... ~ .."" ..---__ 
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Figure 2. A sample S-N curve for titanium. 
A S-N curve is generated by testing multiple speCImens at vanous loads and 
recording the number of cycles to failure. Traditionally this has required a larger number 
of specimens due to the wide distribution of both failure loads at a constant number of 
cycles and the number of cycles to failure at a constant load. Generating this data would 
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be difficult due to the high costs of the implants and time required for testing dozens of 
specimens for millions of cycles. Consequently there has been no S-N curve published in 
the literature for dental implants. 
The number of specimens required to determine a S-N curve depends on the 
amount of scatter in the results. A more accurate representation of the S-N curve should 
involve the stress, number of cycles to failure as well as the probability of failure at a 
given stress. Fatigue limits are a statistical quantity having a mean and standard 
deviation and can differ for each specimen design between batches of similar specimens. 
The statistical problem in accurately determining the fatigue limit is that it cannot be 
measured for one specimen. When a specimen fails at a particular stress, it can only be 
concluded that the load is above the fatigue limit. In order to estimate the fatigue limit, 
groups of specimens are tested at several loads to see how many fail at each load level. 
Other statistical approaches measure failure probabilities, one of which is the 
staircase sensitivity procedure. This method is efficient in that it utilizes fewer numbers 
of specimens and can also be used to determine the mean failure load (ie. the 50% 
probability failure )?9 The general sense of staircase sensitivity testing is presented 
graphically (Fig. 3). Starting with a "guess" value for the mean, additional specimens are 
tested at a new load value dependent upon the behavior of the previous implant 
(survival/failure). If the sample survives 5x 106 cycles, the following sample will be run 
at a higher load than the previous load (by a pre-determined increment or step). If the 
sample fails, the next sample will be run at an incremental load less than the previous 
load. It has been found efficient and practical to use a limited number of implants 
(perhaps 5) to evaluate for the general location of the mean using a large step size (8 1), 
16 
Then the definitive experiment is run with a smaller step size (ih) starting at the "guess" 
value obtained by the preliminary evaluation. 
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Figure 3. Illustration of staircase sensitivity method for determining the 
mean failure load. 
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Review of preliminary work 
Preliminary work on implant fatigue testing has been performed by the research 
group at the ITI Foundation Fatigue Center at the University of Connecticut. A stainless 
steel mounting fixture was designed in accordance to the ISO 14801 specifications and 
the stability and strength of this device has been demonstrated and tested in pilot studies 
(Fig. 4). For the loading member on the testing machine, a stainless steel plate enclosing 
stainless steel ball bearings was designed to minimize lateral loading of the implants. 
This bearing, seen in the photograph below, was initially constructed of stainless steel 
enclosing 3.15 mm diameter (app. 25) stainless steel bearings. This bearing device was 
used on electroforce fatigue equipment (EnduraTEC ELF 3300, Minnetonka, MN) with 
capabilities of detecting loads in all three axes and it was noted that a lateral load 
developed approximately 10% of that applied. An aluminum jig (Fig. 5) was also 
designed to fabricate standardized acrylic resin patterns used to cast crowns according to 
the dimensions of the ISO standards (Fig. 6). 
Figure 4. Schematic set-up according to the ISO 14801 protocol. 
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Figure 5. Aluminum jig used to fabricate a hemispherical acrylic 
reSIn crown. 
Figure 6. The acrylic reSIn pattern to be used for the metal 
casting. 
19 
ISO 14801 allows implants to be embedded or clamped for testing. Embedment 
materials must have a modulus of elasticity of at least 3 GPa and there is no upper 
stiffness limit. Concern was raised by Fatigue Center personnel in early testing using a 
resin-reinforced composite base that implant displacement (i.e. bending) was less at 15 
Hz than at 2 Hz, the upper and lower cycling rates allowed by ISO 14801. It was 
hypothesized that the effective elastic modulus of the embedment plastic was increasing 
at higher loading rates due to its viscoelastic nature. One finite element result of the 
calculated maximum implant stress for a 600 N load is presented in Fig. 7. Note that the 
highest tensile stress is located well above the level of the base material. Maximum 
tensile stresses as a function of the elastic modulus of the embedment material are 
presented in Figure 8. Based on this analysis it would not appear that the base material 
will influence fatigue testing results. 
Nc:DII~atl!lltildC 
~""""_ • • 1 
PIcIt¥l*SI*lV:IGI6drauPW1 
0e1Ol~"'101S757 1 
pl~(Ioh)l 
325600(0' 
'JI<l3ooOQ2 
,,,....,, 
.21&-+002 
'''''''"'''' 
",...." ,-
' l6OooOO1 
,,,....., 
.2~1 
-$J418'o«n 
Figure 7. Predicted magnitude and location of highest bending 
stresses in implant loaded as per ISO 14801. 
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Figure 8. Finite element calculations for non-threaded implant predict 
slight influence of base stiffness on maximum stresses. 
However, this analysis was re-visited following an observation that slight 
uncoupling of the implant from base material was occurring following 5 million cycles. 
This new analysis required that the implant be retained in embedment plastic by threads 
engaging threaded features in the base plastic. When threads were added to the implant 
finite element model (1) stress concentrations were predicted associated with exposed 
threads above the base and (2) thread-related stresses were predicted to be quite sensitive 
to the elastic modulus of the base. It can be seen in the finite element result of the thread-
retained implant in Fig. 9 that failure is expected to be associated with the root of the first 
exposed thread at the level of the base material. Figure lOre-visits the finite element 
calculations for maximum tensile stress as base stiffness is increased, predicting a very 
significant effect. For threaded implants, whether simply thread-retained or bonded, 
stress concentrations associated with geometries of exposed threads may control fatigue 
behavior and may be sensitive to the materials retaining the implant. 
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Initial testing on eighteen Straumann regular neck (4.1 mm x 12 mm) implants 
has been completed. Testing was performed using a staircase sensitivity procedure 
allowing the calculation of a mean failure load of 380 N for five million cycles. For the 
eighteen implants, five of them fractured and one bent while the remaining twelve ran 
out. The five that fractured occurred between 380 Nand 400 N with three of them failing 
at 390 N. A crude S-N curve reveals an approximate fatigue limit of390 N. 
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2. OBJECTIVES & HYPOTHESIS 
Standardized parameters for fatigue testing of dental implants have been defined 
by ISO (14801). These consensus guidelines are the ones most relied upon or required by 
regulatory bodies. However, the standards were created based on limited experimental 
data and a few diverse industrial tests. Current guidelines limit testing in wet conditions 
to 2 Hz carried out until failure or two million cycles. For dry conditions testing is 
limited to 15 Hz carried out until failure or five million cycles. Testing at 2 Hz would 
require 29 days while testing at 15 Hz would last only 4 days. The limitations on loading 
frequency were not based on any substantial data indicating that implant fracture 
mechanisms differ with either higher cycling rate or water immersion. Exploring these 
variables could potentially simplify and expedite the implant testing procedure. Such 
work lays the groundwork for further validation of the ISO protocol or its revision. 
It was hypothesized that there is no difference between wet and dry conditions or 
loading frequencies of 2 Hz and 30 Hz on the likelihood of failure or the failure 
mechanism of dental implants. A testing frequency of 30 Hz instead of 15 Hz was 
chosen to exaggerate any frequency effect as well as to test the possibility of accelerating 
the testing process. 
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3. MATERIALS AND METHODS 
Introduction 
Modifications to the initial set-up have been made after extensive preliminary 
testing. The stainless steel balls in the loading fixture were observed to create dimples on 
the bearing surface and the balls were becoming distorted. This had the effect of 
increasing the coefficient of friction of the bearing and raised concerns about lateral loads 
on the implants being tested. Furthermore, the bearing balls were found to corrode after 
testing in water (Fig. 11). Calculations done for sphere-on-flat loading using the elastic 
properties of stainless steel (E ::::; 200 GPa, v ::::; 0.3) revealed that contact pressures likely 
exceeded 1600 MPa - well above the yield strength of the steel (::::; 200 MPa). Thus it was 
not a surprise that a rough, dimpled surface was forming and the balls were being 
distorted. Iterative calculations (Mathcad, Mathsoft, Cambridge, MA) further revealed 
that a low elastic modulus material (i.e. plastics) as the potential solution, versus 
something stiffer (i.e. carbides or ceramics). Eventually the low friction plastic Delrin 
(polyacetal) was identified as likely being suitable for use as both the bearing balls and 
the bearing face plates. This material was available at low cost in suitable ball sizes and 
easily cut thin plates. Elastic calculations suggested that with 25 balls in the bearing 
loaded to 420 N the contact pressure would remain just below the compressive strength 
of this material (Appendix 1). This switch to Delrin parts eliminated the above 
mentioned corrosion problem as well. This newly updated bearing device was then tested 
on the machine with a three-axis load cell and lateral loads approximately 5% of the 
applied load were detected. 
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It was also noticed that the shape of the cast crowns was inconsistent and they 
were very costly and time consuming to produce. Additionally, flat facets were seen to 
develop on the cast crowns raising concerns regarding lateral loading of the implant. An 
improved design was developed by having a metal casting machined to a high tolerance 
radius of curvature and length and using this as a pattern for fabrication of identical 
zirconia crowns, as will be discussed later. 
Figure 11. Wear and rust of stainless steel bearings after 
repeated cycling in a wet environment. 
Concern was raised regarding heat generation around the implant during dry 
testing especially at high frequencies. To evaluate these concerns, temperature probes 
were attached to the tensile and compressive surface of the test specimen during 
operation and measurements were made every five seconds for 10 minutes. There was no 
significant temperature change during testing. 
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Several complications were encountered during preliminary testing III wet 
conditions. The initial fixture mounts were machined in aluminum and after a period of 
testing in distilled water, it was observed that parts of the mount were corroding (Fig 12). 
Consequently, new fixture mounts were fabricated in stainless steel to avoid this problem. 
It was also found that distilled water circulating at 37°C was a conducive environment 
for bacterial growth. This was especially a problem when testing at 2 Hz because of a 
long cycling period. After consulting with the research and development department at 
Straumann, a switch was made to test in normal saline (allowed under ISO 14801) to 
avoid bacterial growth. Unfortunately saline solutions could not be used with our 
temperature controlled circulating pump and a custom heating element was designed to 
fit within the biological test chamber. Normal saline at 37°C remains an aggressive 
medium for stainless steels, especially at high surface energy edges and corners. 
Moderate corrosion may simply be an ongoing annoyance (Fig l3). 
Figure 12. A corroded aluminum screw used in the fixture mount 
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Figure 13. Rusting of the fixture mount as a result of immersion 
in normal saline 
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Test set-up 
Certain parameters of the ISO protocol were evaluated involving the cycling rate 
as well as the effects of water on the influence of failure mechanisms. Testing involved 
4.1 x 12 mm, solid screw, standard plus implants with corresponding 5.5 mm tall solid 
abutments (Straumann, Waldenburg, Switzerland). Wet and dry testing at two cycling 
levels of 2 Hz and 30 Hz was performed with six implants in each experimental group. 
Testing for all groups was carried out until failure or five million cycles. Testing in a wet 
environment (Fig. 14) was performed in an environmental chamber filled with 0.9% 
saline (Fischer Scientic, Fairlawn, NJ). A custom designed heating element (Heetgrid 
Immersion Heater Model 290-S, George Dlanet Company, Newark, NJ) was immersed 
into the chamber to warm the saline at 37°C. A thermometer probe (CAL 3300, CAL 
Controls Inc., Libertyville, IL) was used to monitor the temperature throughout testing. 
Dry testing was performed at room temperature. 
Uniaxial sinusoidal cyclic loading was performed under load control between 20 
N and a maximum load of 420 N using three electro force fatigue testing stations 
(EnduraTEC ELF 3300, Minnetonka, MN) (Fig. 15). The maximum load was chosen 
from data derived from pilot studies to create failures in all implants using the lowest 
load possible. Failure was defined as a 0.5 mm displacement beyond that encountered 
during initial loading cycles. In preliminary work it was found that such an excess 
displacement is due to nearly complete crack propagation through the implant. Implant 
displacement data was captured during all testing. 
Fractured surface features were examined and photographed with both a 
stereographic light microscope (Leica MZ 9.5, Leica Microsystems Inc., Bannockburn, 
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IL) and by scanning electron microscopy (JSM-5600LV, Jeol Ltd. , Tokyo, Japan). Prior 
to observation under the SEM, the fractured implants were sectioned in the plane of the 
fracture surface at the junction between the polished collar and rough SLA surface (Fig. 
16) using a diamond wafering blade. The cross-sections were sputter-coated with gold to 
provide uniform conductivity, enhancing high magnification SEM viewing. 
EDduraTEC 
nF lJDD 
Figure 14. Set-up used for testing in wet conditions. 
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Figure 15. One of the three EnduraTEC ELF 3300 fatigue testing 
stations. 
Figure 16. Specimens with fracture surfaces facing up and 
prepared for viewing under the scanning electron microscope. 
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Under the SEM, the origin of the crack was identified and images were obtained 
along the path of crack propagation. Images of the fracture surface at varying 
magnifications were taken from 70x to 9500x. The coordinates of each image in relation 
to the origin were recorded to calculate the distance from the origin utilizing the 
Pythagorean relationship. For the images with well-defined fatigue striations, ten 
representative distances between striations were measured. These measurements were 
converted using the scale bar to determine the actual distance between fatigue striations. 
This increment crack gro~1h per cycle (daJdc) as a function of distance from the origin 
was curve-fit to choose a reasonable mathematical expression [y = a + b (lnx)2]; simplest 
relationship that was well-fit to all data sets between 225 )lm and 1400 )lm. Integrating 
the inverse of this function (dc/da; cycleslincrement) provided an estimate of the number 
of total cycles needed for fatigue growth to the failure point. This estimate of the cycles 
contributing to fatigue failure was the first of two methods used to calculate the 
percentage of total cycles for fatigue growth. 
The second method used to determine the number of cycles during the fatigue 
phase of crack growth involved examining an Excel spreadsheet calculation of implant 
displacement per cycle. As mentioned previously, fatigue failure is a catastrophic event 
and the majority of the lifetime of the part is devoted to brittle crack pop-in. A 
significant increase in displacement of the implant indicates the onset of fatigue. By 
reviewing the displacement data of the implant during cycling, the point at which fatigue 
occurred was roughly identified. The subsequent data was used to calculate and estimate 
the number of cycles for fatigue failure. 
32 
Specimen preparation 
The dental implants were fixed in an epoxy resin-glass fiber composite rod stock 
(NEMA Grade G-I0 rod, Piedmont Plastics, Charlotte, NC). This embedment material 
has an appropriate elastic modulus for a bone analog material (app. 20 GPa), is easily 
machined and is sufficiently tough for cyclic testing. The rod stock was sectioned into 
15.9 mm thick blocks and 12 mm deep channels were prepared in the center of the block 
using a surgical 3.5 mm diameter twist drill attached to an engineering lathe. The 
corresponding 4.1 mm tapping drill was then used to a depth of 9 mm. 
Figure 17. Known measurements of the implant assembly were 
used to mount the implant simulating 3 mm bone loss. 
The accurate mounting of the implants with a simulated bone loss of 3 mm was 
done using indirect measurements (Fig. 17). The implant is packaged together with the 
carrier and the total measurement x for the length of the carrier (11.2 mm), the height of 
the block (15.9 mm), simulated bone loss (3 mm) and height of the polished collar (1.8 
33 
mm) was summed. The implant and the carrier were screwed into the block using the 
ratchet provided by the manufacturer until the total measurement x was reached. An 
external micrometer (MK II, Fowler Company, Newton, MA) was used to make all the 
measurements. 
Figure 18. Mounted implant and abutment with the laboratory 
plastic coping. 
The abutments were attached to the implant with a torque of 35 N/cm as 
suggested by the manufacturer. Using the appropriate laboratory plastic coping (Fig. 18) 
a cylindrical block measuring 5 mm x 12 mm was created using wax (Fig. 19). This 
pattern was invested using a phosphate-bonded investment (1700, Talladium Inc., 
Valencia, CA) and cast in a high noble alloy (JP-l, Jensen Industries Inc., North Haven, 
CT) using the lost wax technique (Fig. 20). The cylinder was then milled using a 
computer numerically controlled machine to create a hemispherical crown with a radius 
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of 3 mm and a distance of 11 mm between the simulated bone level and the centre of the 
sphere of the crown (Fig. 21). This casting was then scanned using an all-ceramic CAM 
system (Cercon, Dentsply Ceramco, Burlington, NJ) and two replica crowns were created 
by green machining and sintering in zirconia (Fig. 22). The crowns were cemented on 
the abutment using polycarbonate cement (Duco Cement, Devcon, Riviera Beach, FL). 
After testing, the crowns were removed by placing the specimen in a container of acetone 
(Fischer Scientific, Fairlawn, NJ) and vibrated loose using an ultrasonic cleaner 
(Branson, Danbury, CT). The crowns were reused in subsequent tests. 
Figure 19. A wax cylinder pattern to be used for the casting. 
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Figure 20. The cast cylindrical crowns. 
Figure 21. Computer Numerically Controlled (CNC) machine 
used to mill the top portion of the crown. 
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Figure 22. A comparison of the crowns and finished specimen. 
The crown following the original protocol is show on the left. 
The crown in the middle is a casting that was machined and used 
to fabricate the zirconia crown on the right. 
Figure 23. A photo of the tensile surface of the implant prior to 
loading. 
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The side of the implant with the most prominent first thread exposed was identified as the 
anticipated tensile loading surface (Fig. 23). The embedded dental implants were 
mounted accordingly and bolted at a 30° angle, in reference to the loading axis, on a 
specimen holder (Fig. 24). 
Figure 24. Implant specimen mounted under conditions specified 
by ISO 14801. 
38 
Statistical design 
ISO 1480 1 IS meant to provide a quality assessment of dental implants. 
Standardized tests are rarely designed for assessing superiority or to predict clinical 
behavior. Quality control and safety are focused on more than efficacy. Academic and 
commercial interests are more sophisticated, involving questions ranging from product 
comparisons to the prediction of lifetimes and the documentation of factors influencing 
lifetimes. 
The measure of "mean cycles to failure" at a constant maximum cyclic load was 
the design initially chosen for this project. In this approach the statistics (mean and 
standard deviation) are calculated from the behavior of each specimen. Such data is 
amenable to wider and more standard statistical analysis such as ANOV A, as long as 
basic data requirements are met. Although preliminary testing was employed to establish 
a load high enough to cause fracture of all implants by 5 million cycles, only 54% of 
tested implants failed. Failed implants were found to be distributed bi-modally: low 
cycles to failure « 300,000 cycles) and high cycles to failure (>1.5 million cycles). This 
bimodal distribution forced the use of a non-parametric analysis. Failure and non-failure 
were examined by the Chi Square method. 
Curve-fits of fatigue crack growth per cycle as a function of distance from the 
ongm were developed using commercial software (TableCurve 2D, vO.5.0l, Systat 
Software Inc., San Jose, CA). Calculated 95% confidence intervals were compared for 
lack of overlap to determine differences in crack growth rates. 
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4. RESULTS 
Implant failure 
A total of 24 implants were tested. The implants came from two different lots and 
were evenly distributed between the four testing conditions: 2 Hz dry, 2 Hz wet, 30 Hz 
dry and 30 Hz wet (Table 1). All together 12 implants fractured and one specimen had a 
fractured abutment screw. In the dry environment 7/12 implants failed compared to 6112 
in the wet environment. In terms of loading frequency, 4112 implants tested at 30Hz 
fractured compared to 9112 for those tested at 2Hz. 
Specimen 30.7D 30.8D 30.9D 30.10D 30.1ID 30.I2D 
Lot # A6756 A6756 A6756 C2081 C2081 C2081 
Machine ELF 3 ELF 2 ELF 3 ELF 3 ELF 2 ELF 1 
Cycles - 101,864 348,259 2,297,637 - -
Result Runout Fracture Fracture Fracture Runout Runout 
Specimen 30.1W 30.2W 30.3W 30.4W 30.5W 30.6W 
Lot# A6756 A6756 A6756 C2081 C2081 C2081 
Machine ELF 2 ELF 1 ELF 3 ELF 1 ELF 1 ELF 3 
Cycles - - 3,918,266 - - -
Result Runout Runout Fracture Runout Runout Runout 
Specimen 2.ID 2.2D 2.3D 2.4D 2.5D 2.6D 
Lot # A6756 A6756 A6756 C2081 C2081 C2081 
Machine ELF2 ELF 3 ELF 1 ELF 3 ELF 2 ELF 2 
Cycles 104,665 229,364 - 288,619 74,725 -
Result Fracture Fracture Runout Fracture Fracture Runout 
Specimen 2.IW 2.2W 2.3W 2.4W 2.5W 2.6W 
Lot # A6756 A6756 A6756 C2081 C2081 C2081 
Machine ELF 3 ELF 2 ELF 3 ELF 2 ELF 1 ELF 3 
Cycles 214,672 110,978 79,926 - 1,526,429 1,581,900 
Result Fracture Fracture Fracture Runout Fracture Fracture 
Table 1. Summary of results [2 Hz or 30 Hz, wet (W) and dry (D), to failure or run out 
tested at 420 N] 
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Chi-Square tables appear in Appendix 2. Overall analysis of the number of failed 
implants grouped by testing frequency (2 Hz, 30 Hz) and environment (wet, dry) 
suggested that the combination of frequency and environment did not significantly 
influence the outcome (X2 = 1.028, df = 1, p = 0.31). Combining both frequency groups 
together to look for any overall influence of environment produced even less indication 
for any influence by normal saline versus room air (X2 = 0.5, df = 1, p = 0.682). With 
environment suggested as providing no influence, wet and dry data were combined to 
examine for any frequency effect. This analysis does suggest that implants were more 
likely to fracture than runout when tested at 2 Hz versus 30 Hz (X2 = 4.196, df = 1, p = 
0.041) 
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Failure location 
For the implants that failed by bulk fracture, the crack initiated on the tensile side 
of the specimen (Fig 25). The failure location was either directly below the first thread 
above the bone analogue (Fig. 26) or underneath the second thread below the bone 
analogue (Fig. 27). This position corresponds to the apex of the abutment screw hole 
where above this level is a hollow cylinder and below this level is solid titanium (Fig. 
28). Further crack development then preferentially occurred in the direction away from 
the bulk of the thread towards the thinner implant cross-section. Testing was aborted 
when the implant displacement reached 0.5 mm above its test plateau displacement. 
Thus, implants were not cycled to complete separation of the parts; final separation was 
done using a static load. 
Figure 25. An example a fractured implant with the left side 
representing the tensile side. 
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Figure 26. The tension side of a fractured implant with the crack 
immediately below the first thread. 
Figure 27. A subsurface crack immediately below the first 
prominent thread of the implant. 
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Figure 28. A fractured implant with the body of the implant 
embedded. The centre of the cross-section represents the location 
of apex of the abutment screw. 
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Cycle/Displacement data 
The load/displacement data for implants failed at 30 Hz are summarized in Figure 
29. A total of four specimens failed; two failed in less than 350,000 cycles while the 
other two failed after more than two million cycles. The appearance of the displacement 
versus cycles curves is one in which there is a gradual increase in displacement followed 
by an abrupt peak. The majority of the cycles is represented by the elevating portion of 
the curve. The vertical portion of the curve illustrates the catastrophic failure that occurs 
in just thousands of cycles. 
A summary of implant displacement versus loading cycles for the failed implants 
tested at 2 Hz is represented in Figure 30. Out of the seven specimens that failed, five 
failed in less than 300,000 cycles and two failed in slightly more than 1.5 million cycles. 
For the two that survived longer, one specimen (2.5W) had an abutment screw fracture 
rather than an implant fracture (Fig. 31). The general nature of the displacement versus 
cycles curves is similar to the ones for the 30 Hz testing conditions. However, samples 
2.5W and 2.6W did not follow this described pattern. Both of these samples had an 
excessively fluctuating path leading to eventual failure. 
45 
0.65 
- 30.80 
0.6 
30.90 
0.55 
- 30.100 
E 30.3W 
:1 0.5 
Qj-
U 
>-
u 0 .4 5 .. 
CII 30.3 W 
a. 
+J 30.9 D c: 
Qj 0.4 E 
CII 
u 
.! 
a. 
\I) 0.35 0 
0.3 J ----" 30 .10 D ,. 
30.8 D 
0.25 
0.2 +I---------.---------.--------.---------,---------.--------.---------.---------.--------~ 
o 500/000 1/000/000 1/500/000 2/000,000 2/500/000 3/000/000 3,500/000 4,000,000 4/500,000 
ycles 
Figure 29. Measurements of implant displacement during cyclic testing for 2 Hz samples in wet and dry conditions tested 
at 420N. 
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Figure 31. Specimen 2.5W with a bent implant body and a 
fractured abutment screw. 
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The cycle/displacement data was used to estimate the number of cycles devoted to 
fatigue failure. This was done by manually scanning an Excel spreadsheet of implant 
displacements per cycle; determining a point at which there is an abrupt change leading 
to catastrophic failure. According to this method, fatigue crack growth occurred over 
approximately 1,000 - 3,500 cycles (Table 2). This represents less than 1% of the 
lifetime of the implant specimens. Calculations indicate that fatigue failure occurred over 
approximately 10-15 min. for the 2 Hz samples and only 2 min. for the 30 Hz sample. 
Unfortunately, displacement data was not available for specimen 2.3W and the transition 
represented the beginning of implant failure from crack pop-in to fatigue was not evident 
in the data for specimen 30.1 OD. 
Specimen Total cycles Approx. cycles Approx. time Percentage of 
to failure for crack growth during crack cycles for crack 
growth (min.) growth 
2.2D 229,364 1,620 14 0.7 
2AD 288,619 1,140 10 004 
2.1W 214,672 1,590 13 0.7 
2.3W 79,926 Data not available 
30.10D 2,297,637 3,600 2 0.2 
30.3W 3,918,266 Not detectable 
Table 2. Calculation of the duration and percentage of cycles for fatigue failure based on 
load displacement data on failed implants 
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Evaluation of failure mechanisms and fracture surface 
Failure origins were easily identified at 70x magnification by fracture surface 
features having directionality along the crack path converging onto a single point (eg. 
twist and wake hackle). Identification of this landmark was also aided by a measurable 
radius surrounding the origin, representing the starter crack pop-in. At higher 
magnification SEM images reveal three distinct stages of failure: 1) crack pop-in and 
arrest, 2) fatigue crack growth and 3) catastrophic or ductile failure. Figure 32 represents 
a montage of SEM images for a failed implant tested at 30 Hz in dry conditions. The 
three stages of crack growth contain representative topographical differences. 
Figure 33 contains a high magnification view of the fracture surface within the 
crack pop-m regIOn. This fracture surface is relatively smooth and represents 
transgranular crack growth with little or no gram boundary involvement. Most 
significantly, no fatigue striations are evident. 
Stage II crack growth exhibits crack-arrest marks known as fatigue striations, an 
example of which is shown in Figure 34. Each striation is the result of one load cycle. 
The general direction of crack propagation is from the bottom of the image to the top and 
as expected, the majority of the fatigue striations are aligned perpendicular to this. 
Microcracks are evident between grains and within some of the grains the fatigue 
striations follow a different direction than expected. Furthermore, the crack is 
progressing on multiple plateaus at different elevations. 
Ductile failure occurred when the fractured implant speCimen was manually 
detached. Figure 35 is a characteristic image of this mode of fracture. Cup-like 
depressions, also known as dimples, are evident. As the strain was applied, microvoids in 
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the alloy grew and coalesced. The lip or rim of the dimples are a result of the final 
separation of the fracture surfaces. The dimples are non-uniformly shaped with some 
being round and others being more elongated. 
Figure 32. A montage of SEM images for an implant tested at 30 Hz under dry 
conditions. The dot indicates the origin. A represents the crack pop-in phase, B 
represents fatigue crack growth and C represents ductile failure stage. 
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Figure 33. An SEM image representing the crack pop-in 
stage of failure and corresponding to location A shown in 
figure 32. 
Figure 34. An SEM image representing fatigue crack 
growth and corresponding to location B in figure 32. 
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Figure 35. An SEM image representing ductile failure 
and corresponding to location C in figure 32. 
Fatigue striations during the propagation stage were detected at 1000x 
magnification and measurable at 2000X or higher. Fatigue striations leave a record ofthe 
incremental crack growth per cycle (da/dc). These steps become larger with distance 
away from the origin. Figure 36 represents a montage of one of the failed implants tested 
at 2 Hz in dry conditions. At 544 !lm from the failure origin, the average incremental 
crack growth between cycles was 0.18 !lm (Fig. 37). Due to such miniscule 
measurements, a higher magnification was required to visualize the fatigue striations. A 
mean distance between striations of 0.35 !lm was found 742 !lm from the origin (Fig. 38). 
Moving further away to 976 !lm from the origin, the average distance between striations 
was 0.54 !lm (Fig. 39). Lastly, at 1316 !lm from the failure origin, the distance between 
fatigue striations is approximately 0.70 !lm (Fig. 40). Similar to what was mentioned 
previously, the fatigue striations were generally perpendicular to the principal crack 
propagation direction. 
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Figure 36. A montage of SEM images for an implant tested at 2 Hz under dry conditions. The point represents the 
ongm. 
unglll. 
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Figure 37. An SEM image corresponding to location A in 
figure 36. The average distance between striations is 
approximately O.18Jlm. 
Figure 38. An SEM image corresponding to location B in 
figure 36. The average distance between striations is 
approximately 0.35Jlm. 
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Figure 39. An SEM image corresponding to location C in 
figure 36. The average distance between striations is 
approximately O.54~m. 
Figure 40. An SEM image corresponding to location D in 
figure 36. The average distance between striations is 
approximately O. 70~m. 
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Increment crack growth per cycle as a function of distance from the origin was 
curve-fit to choose a reasonable mathematical expression (to be described further in the 
discussion). The same equation describing crack gro"wth seems well-fit for both 2 Hz and 
30 Hz conditions (l between 0.52 and 0.77). These graphs for all four conditions 
indicate that fatigue striations begin to appear approximately 225 11m from the origin. 
This finding corresponds to observations made from SEM images and was previously 
described as the brittle crack pop-in stage of crack propagation. From approximately 750 
11m to 1500 11m from the origin, curve-fits and 95% confidence intervals for incremental 
growih differ between 2 Hz wet (Fig. 41) and 2 Hz dry (Fig. 42). The distance between 
fatigue striations for 2 Hz wet become less than that for 2 Hz dry, suggesting a less 
incremental crack growth per cycle in the presence of the saline solution. However, this 
different rate of crack growth for wet and dry conditions is the opposite at 30 Hz (Fig. 43 
and 44). That is, based on limited results for 30 Hz testing conditions, the crack growth 
rate was greater for the wet specimen than the dry specimens; crack growth for the 30 Hz 
dry match well with 2 Hz dry. 
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Figure 42. Incremental crack growth per cycle as a function of distance from the 
origin for a pair of 2 Hz dry specimens. 
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Figure 43. Incremental crack growth per cycle as a function of distance from the origin 
for a 30Hz wet specimen. 
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Figure 44. Incremental crack growth per cycle as a function of distance from the 
origin for a 30 Hz dry specimen. 
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An estimate of the number of cycles needed for fatigue growth to our failure point 
was determined by integrating the inverse of the mathematical expression for the rate of 
growth between 225 !lm and 1400 !lm away from the origin. It appears that fatigue crack 
grow1h occurred over approximately 1500-4000 cycles (Table 3). This data is in 
relatively good agreement with that calculated previously from displacement data (Table 
1). Compared to the total number of cycles to failure, greater than 97% of the lifetime of 
the implant was used to create a crack pop-in and less than 3% contributed to fatigue 
crack grow1h to failure. This translates to fatigue failure occurring in approximately 15-
35 min. when testing at 2 Hz or approximately 1 min. when testing at 30 Hz. 
Specimen Total cycles Approx. cycles Approx. time Percentage of 
to failure for crack growth during crack cycles for crack 
growth (min.) growth 
2.2D 229,364 1891 15 0.8 
2.4D 288,619 2851 24 l.0 
2.1W 214,672 4216 35 2 
2.3W 79,926 2326 19 2.9 
30.10D 2,297,637 1442 1 0.1 
30.3W 3,918,266 1442 1 0 
Table 3. Calculation of the duration and percentage of cycles for fatigue failure using 
incremental crack growth measurements on failed implants 
A difference in surface topography between wet and dry samples was noted in the 
SEM images. The overall impression is of a flatter, planar fractured surface for the dry 
speCImens (Fig. 45) compared to a rougher, more convoluted surface for the wet 
speCImens (Fig. 46). Furthermore, gram boundaries are more accentuated by the 
presence of microcracks in the wet specimens as compared to the dry specimens. These 
differences in surface features become more obvious further away from the origin. At 
1140 j.!m away from the failure origin, the fracture surface for the dry specimen remains 
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relatively flat (Fig. 47). At a similar distance of 1123 ].lm from the origin for the wet 
specimen, the fracture surface is contrastingly convoluted (Fig. 48). It appears that there 
may be more damage accumulation (likely involving grain boundaries) during cyclic 
crack growth in the presence of normal saline, as will be described further under the 
discussion. 
At low magnification, the presence of radiating lines allows for the determination 
of the fracture origin. This is accompanied by a radius, also described as a mirror. The 
mirror is most easily identified for 2 Hz wet specimens (Fig. 49) compared to 2 Hz dry 
(Fig. 50), 30 Hz wet (Fig. 51) or 30 Hz dry specimens (Fig. 52). Originally it was 
thought that the mirror represents the boundary of the crack pop-in. Upon further 
imaging, fatigue striations were identified within the outer portion of the radius. It is 
unclear what this mirror represents. 
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Figure 45. A 2 Hz dry specimen 976 )..lm away from the 
ongm. 
Figure 46. A 2 Hz wet specimen 834 )..lm away from the 
ongm. 
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Figure 47. A 2 Hz dry specimen 1140 Ilm away from the 
ongm. 
Figure 48. A 2 Hz wet specimen 1123 Ilm away from 
the origin. 
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Figure 49. A 2 Hz wet specimen with a distinct mirror 
and easily identifiable failure origin. 
Figure 50. A low magnification Image of the failure 
origin of a 2 Hz dry specimen. 
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Figure 51. A low magnification image of the failure 
origin of a 30 Hz wet specimen. 
Figure 52. A low magnification image of the failure 
origin of a 30 Hz dry specimen. 
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5. DISCUSSION 
Statistical analysis 
The meaning of the finding that implants were more likely to fail than runout at 2 
Hz versus 30 Hz is not at all clear. This difference suggests that initiating a starter crack 
was easier at 2 Hz, since the rate of crack growth seemed identical at both 2 Hz and 30 
Hz. FEA suggests that tensile stresses should be lower for implants tested at 2 Hz since 
there is more compliance by the base material (at 30 Hz the effective elastic modulus is 
higher due to viscoelastic behavior of the G 10 filled plastic). Both lots of implant were 
evenly distributed among all four test conditions so implant lot doesn't explain 
differences. 
Another interpretation goes back to the discovery that cycles-to-failure appear to 
be distributed into two groups: less than 250,000 and more than 1.5 million (in both the 2 
Hz and 30 Hz groups). Along with the fracture surface analysis there appear to be 
implants having clear residual machining damage at the fracture origins and some 
without such defects (Fig. 47). This leads to another interpretation that a higher 
percentage of implants having the larger inherent defects were unknowingly placed into 
the 2 Hz group. Yet another interpretation of why implants may be more easily fractured 
at 2 Hz versus 30 Hz involves strain-rate sensitivity. Lower strain rates are known to 
favor damage accumulation in the surface of metals, involving processes such as grain 
boundary shearing and vacancy transport, that are not favored at higher strain rates.28 
Strain-rate sensitivity is reported to be more likely to be an issue for body-centered cubic 
alloys than for face-centered cubic alloys 28 suggesting that a higher number of slip 
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systems enhances processes yielding strain-rate sensitivity. With this in mind, for 
hexagonal close-packed metals like alpha titanium (having fewer slip systems than face-
centered cubic) this explanation may become weaker. However it is worth considering 
that the lower rate of strain under 2 Hz cycling allowed damage accumulation processes 
that were not as favorable under cycling at 30 Hz. 
Finally, it can be seen that cycles-to-failure is a very poor outcome to measure. 
This measure ranges too widely to characterize groups for comparison purposes and is bi-
modally distributed, limiting analysis to non-parametric statistics. As mentioned 
previously, the failure event (both crack initiation and fatigue growth) occur over only 
1,500 cycles to 4,000 cycles further diminishing the meaning of "total" cycles involved in 
failure. 
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Failure location 
According to FEA analysis, the fracture location was predicted to be in the root of 
the first exposed thread of the implant, but above the surface of the bone analogue. This 
was estimated to be the location of the highest stress concentration in the test set-up. For 
the implants that failed experimentally, some agreed with the FEA study, while others 
had subsurface fractures below the second thread. This discrepancy may be the result of 
several factors. 
It was apparent that there was inconsistent thread positioning of the implants in 
relation to the base material. Specifically, there was variation between the distance of 
the first thread to the base. When mounting the implants it was difficult to have the 
implant thread engage the same position of the base consistently between all the 
speCimens. The different timing of the threads resulted in a slightly different 
identification of the tensile side ofthe implant specimens. Generally, the root of the most 
prominent thread just above or just below the level of the base corresponded to the first or 
second thread. 
Another factor determining the location of the fracture may involve the junction 
between the hollow and solid part of the implant body (Fig. 53). For the Straumann 
implant, this junction corresponds to the same level as the 3 mm of simulated bone loss. 
A question is raised about the validity of ISO 14801 for this particular implant design. 
The 3 mm of bone loss exposes a prominent thread of the implant which has been shown 
to be an area of high stress concentration. Furthermore, this level of bone loss 
encourages the fracture through the thinnest portion of the implant body, perhaps making 
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it more susceptible to failure. If the implants were placed at the nominal level, it is 
possible that the location of the fracture would be different. 
Lastly, the location of implant fracture could be dictated by possible subsurface 
flaws (Fig. 54). Such flaws could be locations of stress concentration predisposing the 
implant to fracture. Flaws could be in the form of machining defects as well as 
processing defects such as sandblasting (further modified by etching with acid). 
Figure 53. A cross-section of an implant showing the location of 
the abutment screw hole in relation to the implant threads. 
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Figure 54. Subsurface machining defect or sandblasting 
observed at a failure origin. 
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CycleslDisplacement data 
The data for both 2 Hz and 30 Hz testing conditions illustrates two fundamental 
findings (confirmed in part by fracture surface analysis): 1) Load/displacement curves 
showed that the failure process occurred over a very limited number of cycles; the 
majority of the cycles were used to pop-in the initial crack with catastrophic failure then 
occurring after just thousands of cycles. 2) Cycles to failure data is bimodal; implants 
generally failed either within approximately 250,000 cycles or not until over 1.5 to 2.0 
million cycles. 
As mentioned previously, the general nature of the displacement versus cycles 
curves is one in which there is a gradual increase in displacement, followed by an abrupt 
peak, indicating catastrophic failure. However, the 2.5W and 2.6W specimens did not 
follow this general pattern. Instead, the curve for these two specimens was erratic. 
Specimen 2.5W was the one with an abutment screw fracture and although the solid 
abutment was torqued appropriately, perhaps it loosened during cyclic testing. This 
mobile abutment could explain the irregular pattern on the displacement curve. An 
alternate explanation for the jagged curve for both 2.5W and 2.6W specimens could be 
that there was slight bending of the implant, plastic deformation of the base material or 
simply electronic noise. 
Two techniques were used to estimate the number of cycles during fatigue crack 
growth. One method was based on direct measurements of the distance between fatigue 
striations. Incremental crack growth per cycle as a function of distance from the origin 
was curve-fit to choose a reasonable mathematical description of the curve. Integrating 
the inverse of this function derived an approximation of the number of cycles during 
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fatigue growth to the failure point. For ease of calculation, two main assumptions were 
made: 1) fatigue crack growth started 225 11m from the failure origin, 2) the failure point 
was 1400 11m from the origin. It is obvious that these distances are approximations of the 
individual specimen behaviour. The correlation of the curve-fit equation ranged from an 
r2 value of 0.52 to 0.77, indicating another limitation of this technique. At times it was 
difficult to obtain ten distances that were clearly representative of the image due to 
variation of the striations. The fracture surface was also in multiple planes, and the SEM 
image was not necessarily taken perpendicular to the planes. Thus, there was error in the 
measurements between fatigue striations. Despite the shortcomings of both techniques, 
an accurate conclusion that can be derived from this data is that greater than 95% of the 
lifetime of the implant was dedicated to creating a crack pop-in and arrest and only the 
remaining 5% contributed to catastrophic fatigue failure. 
The second method of determining the cycles for fatigue growth was based on 
scanning the load/displacement data to determine the point at which there was a sudden 
increase in implant displacement. This was defined as the onset of fatigue crack growth. 
Unfortunately, the distinction between stage I crack growth and stage II crack growth was 
not easily apparent in the displacement data due to minor fluctuations and differences in 
displacement of thousandths of a millimeter. Displacement data was also programmed to 
be collected every 15 seconds. For 2 Hz testing conditions, this represents only 30 cycles 
between data points, but for 30 Hz testing, this represents 450 cycles. Consequently, the 
calculations for determining the number of cycles devoted to fatigue crack growth are 
more accurate for 2 Hz than 30Hz, and the technique overall is a crude measuring tool. 
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Evaluation of failure mechanisms and fracture surface 
It has been suggested that if the titanium is susceptible to environmental factors, 
the influence of the environment would have its greatest effect at lower frequencies and 
longer cycling times.22 When the environment is not a factor, frequency does not seem to 
affect the fatigue crack propagation rate.22 When comparing the 2 Hz wet and 2 Hz dry 
samples, the same load of 420 N was applied but the wet samples appear to have a 
smal1er crack step per cycle. The fractured surfaces for the wet specimens also had a 
greater surface area and numerous lateral cracks and crack branching events were 
evident. For wet specimens it appears that more crack growth was intergranular than 
transgranular and that secondary cracking events associated with grain boundaries were 
more frequent than for dry specimens. Perhaps it was the saline that contributed to a 
chemically assisted corrosion process during fracture, allowing the applied energy to be 
dissipated into creating the lateral cracks in multiple planes. Consequently, the 
advancement of the crack front was retarded. 
The incremental crack growth rate for the one 30 Hz wet and one 30 Hz dry 
specimen was the opposite of that observed for the 2 Hz wet and dry groups. The 30 Hz 
wet crack growth was faster than that of the dry (an observation made on the one 
specimen available). The influence of saline on the implant may be diminished for the 30 
Hz wet samples simply due to duration of exposure. The majority of the specimens failed 
in less than 250,000 cycles. The mean failure period for this group was approximately 
125,000 cycles. A specimen tested at 30 Hz for 125,000 cycles would have been exposed 
to saline for one hour and 10 minutes while a specimen tested at 2 Hz for the same 
duration would have been exposed for 17 hours and 22 minutes. It is for the same reason 
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perhaps for why the mirror encompassing the failure origin is more prominent in the 2 Hz 
wet specimens than all the other speCImens. It may also be that any additional 
chemically-assisted effect reqUires an underlying low strain rate to become active. 
Unfortunately only one 30 Hz wet sample was analyzed and this specimen may not be 
representative of this general population. 
It was expected that fatigue striations would align perpendicularly to the overall 
direction of the crack propagation. However, the SEM images obtained showed some 
striations positioned differently. This change in orientation of the plane of fracture and 
change in alignment direction can be attributed to variations in local stresses and the 
crystallographic orientation of different grains. Such local directional variations on the 
level of the grain size are a feature seen in metallurgy texts.22 
There has been minimal research on understanding implant fatigue. The studies 
that have been published in the literature are mainly limited to case reports. Velesquez-
Plata et al. presented an implant that had fractured clinically.7 They claimed that the 
SEM image they obtained revealed fatigue striations. However, there is a lack of peak 
and valleys that are characteristic of fatigue striations. The uniformly spaced lines that 
they describe appear to be merely machining grooves. Piattelli et al. reported on three 
clinically fractured implants.2o The SEM image that they displayed and described as 
fatigue striations appears more consistent with the images obtained in our 2 Hz wet 
specimens. Similar to figure 46, there is a convoluted fracture surface. It is irregular and 
angular with discontinuities and the presence of striations. Morgan et al. examined 
clinically fractured implants and compared them to laboratory fractured implants using 
SEM. 19 The clinical images that they showed demonstrated fatigue striation spacing 
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from 0.1 - 1.0 !lm which corresponds to the measurements obtained from our study. The 
fatigue striations in their images are regularly spaced and all align in the same direction 
which is unlike what we observed. Interestingly, an SEM image of the implant that they 
fractured in the laboratory at 13-15 Hz with a maximum load of 1,100N and in dry 
conditions appears exactly like the SEM image of the clinically fractured implant. This 
seems to suggest that a wet environment may not be necessary to replicate clinical 
conditions. However, the magnification used in the published SEMs may not be high 
enough to observe the grain boundary fracture events potentially associated with a 
chemically-assisted mechanism in this present work. Ultimately, a more definitive 
assessment of the role of environment intra-orally will require careful fractographic 
analysis of a reasonable number of clinically-failed specimens. 
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6. CONCLUSIONS 
Under the conditions of this study, the following conclusions can be made. 
Preliminary analysis suggests that testing in air and normal saline are equivalent in terms 
of likelihood of fracture versus runout. Failures were found to be bi-modally distributed, 
either (1) < 250,000 cycles or (2) > 1.5 million cycles, limiting analysis to non-parametric 
statistics. This measure of cycles to failure ranges too widely to characterize groups for 
comparison purposes. On a microscopic level, fatigue crack growth rates appears to be 
similar under 2 Hz and 30 Hz testing, but may be different for wet and dry conditions at 2 
Hz. Implant fatigue failure involves three distinct steps (all of which can be visualized by 
SEM along with some quantitative measures): (1) brittle crack pop-in and arrest, (2) 
fatigue crack growth, and (3) final ductile failure. Initial crack formation to final fatigue 
crack growth requires only 1500-4000 cycles. Initial brittle crack pop-in may be more 
likely under 2 Hz loading than 30 Hz (under a mechanism that is not at all clear). 
Much work has gone into studying the fracture surfaces of failed implants by 
SEM. This effort may be leading to the development of powerful tools for understanding 
whether different test protocols and different laboratories are producing failure by similar 
mechanisms. Eventually such tools may be useful in examining clinically-failed 
specimens for the validation of laboratory tests. 
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7. FUTURE WORK 
There are several technical considerations that need to be made. Mounting of the 
implants to the bone analogue needs to be standardized to ensure uniform thread 
orientation between specimens. Also, a clinically relevant testing load needs to be 
established in order for more implant failures to occur. This will allow more efficient 
testing. 
Conclusions made have been based merely on the analysis of a few implants 
especially for ones tested at 30 Hz wet. Testing of additional implants and more SEM 
imaging is required to confirm the data that has been presented. Although testing in dry 
conditions at 30 Hz is most practical, it has not been established that these conditions are 
clinically relevant. The most critical step is to compare laboratory results to clinically-
failed implants to validate the testing protocol. 
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APPENDIX 
Appendix 1. Sample calculation for contact pressure on individual ball in bearing. 
Contact Pressure (sphere to flat) 
From Brian Lawn, Fracture of Brittle Solids, pp 254, 304 
EI = 3,100 
n = 25 
VI = 0.30 
A=420 
L = 16.8 
r = 1.575 
Modulus of flat, MPa 
Number of bearings 
Poisson's ratio, flat 
Applied load (N) 
Load per bearing (check 
value) 
Bearing radius, mm (check 
value) 
P = 104.061 Contact pressure, MPA 
Delrin: 
Compressive strength 
Flexural yield strength 
110 MPa 
90MPa 
E2 = 3,100 
b = 0.124 
V 2 = 0.30 
Modulus of sphere (MPa) 
bearing diameter (inches) 
Poisson's ratio, sphere 
A 
L:=-
NI/\ n 
b·25.4 
r:=---
2 
2 I 
(3.E )3 L3 P:= 4. kIr . --;-
(http://www.matweb.com/SpecificMaterial.asp?bassnum=PI SM03&group=General) 
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Appendix 2. Chi-Square statistical analysis 
Fractures by environment and frequency 
l"l~ ___ Total 
-
2.00 30.00 
environment Dry Count 4 3 7 
Expected Count 4.8 2.2 7.0 
% within xenvironment 57.1% 42.9% 100.0% 
Wet Count 5 1 6 
Expected Count 4.2 1.8 6.0 
% within xenvironment 83.3% 16.7% 100.0% 
Total Count 9 4 13 
Expected Count 9.0 4.0 13.0 
% within xenvironment 69.2% 30.8% 100.0% 
X2= 1.028, df= 1, p = 0.31. 
Event (Fx or runout) by environment (frequency combined) 
Result Total 
Runout Fracture 
Environment Dry Count 5 7 12 
Expected Count 5.5 6.5 12.0 
% within Env 41.7% 58.3% 100.0% 
Wet Count 6 6 12 
Expected Count 5.5 6.5 12.0 
% within Env 50.0% 50.0% 100.0% 
Total Count 11 13 24 
Expected Count 11.0 13.0 24.0 
% within Env 45.8% 54.2% 100.0% 
X2 = 0.5, df= 1, P = 0.682. 
Event (Fx or runout) by frequency (environment combined) 
Result Total 
Runout Fracture 
Hz 2.00 Count 3 9 12 
Expected Count 5.5 6.5 12.0 
% within Hz 25.0% 75.0% 100.0% 
30.00 Count 8 4 12 
Expected Count 5.5 6.5 12.0 
% within Hz 66.7% 33.3% 100.0% 
Total Count 11 13 24 
Expected Count 11.0 13.0 24.0 
% within Hz 45.8% 54.2% 100.0% 
2 X =4.196,df=l,p=0.041 
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Appendix 3. Sample calculation for determining the total cycles for crack grow1h over an 
integrated distance of 225 jlffi to 1400 jlm from the failure origin 
Specimen 30.3W 
r2 = 0.77, a = -1.5072399, b = 0.048662082 
x = 1000 Check value for distance, jlm 
y = 0.815 Check value for crack growth/cycle (jlffi/cycle) 
y = a + b (lnx)2 Growth/cycle dx (jlm/cycle) 
f1400 1 3 Y dx= 1.442x 10 
225 
Cycles/jlffi integrated over growth distance = total cycles for crack growth over integrated 
distance 
85 
